We show that Clar's theory of the aromatic sextet is a simple and powerful tool to predict the stability, the π-electron distribution, the geometry, the electronic/magnetic structure of graphene nanoribbons with different hydrogen edge terminations. We use density functional theory to obtain the equilibrium atomic positions, simulated scanning tunneling microscopy (STM) images, edge energies, band gaps, and edge-induced strains of graphene ribbons that we analyze in terms of Clar formulas. Based on their Clar representation, we propose a classification scheme for graphene ribbons that groups configurations with similar bond length alternations, STM patterns, and Raman spectra. Our simulations show how STM images and Raman spectra can be used to identify the type of edge termination.
Introduction
Since its first characterization in 2004, 1 graphene has developed into a major research topic of its own and from the beginning, its unique electron transport properties [2] [3] [4] [5] [6] [7] (For a review, see Ref. 8 ) have propelled the hope for application in a post-silicon generation of electronic devices. 1, 4 One of the big advantages graphene has over other potential materials such as carbon nanotubes (CNTs) is that it can be patterned with lithography methods. 4 In this context nanometer sized graphene ribbons come into focus. On one hand, they could serve as conductive interconnects in integrated circuits 9 and on the other hand as channel material in field effect transistors. [10] [11] [12] To achieve sufficient on-off ratios in semiconducting devices, however, the electronic band gap has to be large enough, and, as a consequence, lateral dimensions below 10 nm are required since the band gap is inversely proportional to the width. 11, [13] [14] [15] [16] [17] At this scale, the edge chemistry and geometry determine the electronic properties. [18] [19] [20] For instance, single-hydrogen-terminated zigzag ribbons are predicted to feature a spin-polarized edge state whose order is ferromagnetic along the ribbon and antiferromagnetic across the ribbon. 21, 22 Under high external fields, this state could turn the zigzag ribbons into half-metals, opening interesting perspectives for application in spintronics. 23, 24 Magnetic ground states were also found for other graphene nanostructures. [25] [26] [27] [28] [29] In singlehydrogen-terminated armchair ribbons, however, this phenomena is absent. Despite the broad range of production techniques for graphene ribbons 10, 11, 17, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] real control over the edge geometry and termination in them has not been achieved yet, and no atomic characterization either.
For other sp 2 bonded materials such as polycyclic aromatic hydrocarbons (PAHs), Clar's theory of the aromatic sextet 42 has proven to be an intuitive, yet adequate model for the edge-induced π-electron distribution 43 and can account for many properties of PAHs. [44] [45] [46] It has also been applied to graphene-related systems, 46, 47 carbon nanotubes, [48] [49] [50] and to ribbons 51, 52 to some extent.
In this article, we analyze a set of selected, hydrogen-terminated graphene ribbons. We suggest a classification scheme that groups ribbons which have similar representations according to Clar's theory. In an analysis of simulated scanning tunneling microscopy (STM) images and relaxed density functional theory (DFT) coordinates we show that the Clar formulas correctly account for the π-electron distribution, bond lengths, and hexagon areas. Furthermore, we demonstrate how magnetic edge states can be explained-even quantitatively-with Clar's theory. Finally, we present calculations on the width dependence of the electronic band gap, the edge energy, and the edge-induced strain.
Considered systems
The graphene ribbons analyzed in this study were the four hydrogen-terminated edge configurations identified in Ref. 51 to be the thermodynamically most stable ones, zz(1), ac (11) , zz(211), and ac (22) (see [figure] [1] []1). In addition to that, we included also ribbons with double-hydrogenated zigzag edges, zz (2) . Note that for the zz(211) edge termination there are two different ribbon configurations, denoted as zz (211) 
Computational methods
We performed first principles calculations with the PWSCF code of the Quantum-ESPRESSO package 53 to investigate the atomic coordinates, edge energies, band gaps, and edge-induced strains of the graphene nanoribbons. Plane-wave basis functions, Vanderbilt ultrasoft pseudopotentials, 54 and the PBE generalized-gradient approximation (GGA) 55 as the exchange-correlation l cell zz (1) ac (11) zz (2) zz(211) odd w zz(211)-interlock odd w Figure 1 : The ribbon configurations considered in this study with their corresponding names. Periodic boundary conditions were applied to a supercell setup with length l cell , indicated by the bar above each structure. Note that only the σ -bond network between the carbon atoms is shown. Solid wedges represent bonds pointing out of the plane, towards the reader, dashed ones represent bonds pointing into the plane, away from the reader. The red numbers inscribed in the first two diagrams indicate how we defined the width index w of the ribbons.
functional were applied. The Brillouin zone integration was done with a uniform grid of 12 k-points along the periodic direction for the armchair ribbons and of 24 [8] k-points for the zigzag ribbons zz(1) and zz (2) [zz(211) and zz(211)-interlock] respectively. The cutoff energy for the wave functions was set to 30 Ry and the one for the charge to 300 Ry. In our supercell setup, vacuum distances of 9.5 and 8.5 Å separated the ribbons in plane and between planes. The lattice constant, l cell , along the ribbon was optimized in a separate loop. The atomic positions in the cell were allowed to relax until all the forces on the nuclear coordinates were below a threshold of 0.1 mRy/Bohr. With the optimized coordinates, additional calculations were performed for the simulation of STM images using norm-conserving pseudopotentials to avoid the wiggles in the tails of the augmentation densities which are inherent in ultrasoft pseudopotentials. For these calculations, the wave function cutoff energy was set to 60 Ry, the cutoff for the charge to 240 Ry, the vacuum between the ribbons to 12.7 Å, and the one between planes to 10.6 Å. The Brillouin zone sampling consisted of 60 k-points for the armchair ribbons and of 102 [34] k-points for the zigzag ribbons.
Simulated STM images were obtained using the Tersoff-Hamann approximation. 56, 57 In this approach, the local tunneling current I between sample and tip is proportional to the sum of the electron density of orbitals in the interval [ε F + eU, ε F ] for a negative and [ε F , ε F + eU] for a positive bias voltage U, respectively,
Here, ε F denotes the Fermi energy, defined as lying in the middle between valence and conduction band if a gap is present, e stands for the elementary charge (e > 0), f is the electron occupation function, f (ε) = 1 for ε ≤ 0 and f (ε) = 0 for ε > 0, ε µ is the energy of the state µ, and d the sample-tip distance. We used a fixed sample-tip distance of d = 3 Å.
We recall that in the case of a negative bias voltage U the electrons tunnel from occupied states of the sample to empty states of the tip. Consequently, in STM measurements at negative bias voltage the occupied states of the sample are probed whereas the empty states are probed at positive bias. In graphene ribbons, the states near the Fermi energy belong to the π-electrons. 43 So, at small bias, the STM signal is dominated by these states and it essentially reflects the distribution of the π-electrons over the lattice.
To demonstrate the robustness of the DFT-PBE exchange-correlation functional used in this study, we compared the PBE energy differences among a set of small PAH molecules with published values obtained with the hybrid B3LYP functional 58, 59 and with experimental differences in the enthalpy of formation. The results are shown in [ [ + ] = particularly high stability, high melting point, and low chemical reactivity. 64 In each of the three The Clar formula for a given molecule or a periodic cell of a crystal is not necessarily unique.
We thus further distinguish the (pseudo)-all-benzenoid ribbons into the following three subclasses according to the number of different equivalent Clar formulas they possess:
1. Ribbons having one, unique Clar formula (called class 1CF)
Ribbons having exactly two Clar formulas (class 2CF)

Ribbons having more than two Clar formulas (class nCF)
Notice that the definitions (pseudo)-all-benzenoid and non-benzenoid apply to ribbons independent of their width, meaning all ribbons with a given edge configuration are either (pseudo)-allbenzenoid or non-benzenoid. In contrast to that, the definition of the above subclasses of (pseudo)-all-benzenoid ribbons is defined only for a specific width and may change for different widths.
We want to emphasize that the affiliation of a ribbon configuration to either the (pseudo)-all-benzenoid or the non-benzenoid category is not determined by the edge geometry-zigzag or armchair-alone. Even though in the present study the class of non-benzenoid ribbons was represented by zigzag structures only, one can easily imagine armchair ribbons which belong to this group. For example the armchair configuration with one of the edge sites being doublehydrogenated while the other is single-hydrogenated, in our notation called ac (21), is also nonbenzenoid. Subclass nCF: More than two Clar formulas The armchair ribbons not discussed so far, ac (11) with w = 3n, n being integer, and ac (22) Significant area alternations appear only at the edges and can be attributed to changed effective forces on the edge atoms. In the interior of the ribbons, the hexagon areas attain a uniform limit. This is in contrast to the class 1CF and 2CF cases where patterns of hexagons with alternating areas run through the whole width of the ribbons. 
Results
Geometry and simulated STM images
Non-benzenoid ribbons
Among the configurations considered in this study, the zz(1) and zz (2) Figure 9 : Clar representation of a zz(1) ribbon with width index w = 3 (a). Only a finite number of Clar sextets is allowed to form on the infinitely long ribbon. There is no unique choice for their position. As a consequence, the bonding is equivalently described by the superposition of two fully quinoidal Clar formulas (b).
By introducing radicals, i.e. unpaired electrons or holes, in the Clar representations, a (pseudo)-all-benzenoid π-electron distribution in the interior of the ribbons can be re-established for both non-benzenoid configurations ([figure] [10] []10). 47, 51 Obviously, for ribbons wide enough, the gain in resonance energy favors this alternative (pseudo)-all-benzenoid bond configurations. As the radicals represent uncompensated spin moments, the alternative Clar models also account for the spin polarized edge states found in DFT calculations on these kind of ribbons. [21] [22] [23] The existence of unpaired electrons and holes at the edges of zz(1) ribbons is also in agreement with results of an investigation of the electronic ground state of higher acenes. 66, 67 There it was revealed that the ground state of acenes consisting of more than six fused benzene rings is an openshell singlet state with antiferromagnetic order between the zigzag edges. It is not likely that this state is a diradical, since the net spin moment on the edges increases with the size of the acene. (2), both with width index w = 13. Both configurations feature a spin polarized edge state. In the zz(2) case, a lower bias voltage than ±0.5 eV was chosen as otherwise the edge states would dominate the image completely.
Ribbon width dependences Band gap
Even though DFT-GGA is known to underestimate the band gaps, we would still like to include a qualitative discussion of the width dependence of this quantity. show rich characteristics. The threefold periodicity of the ac(11) band gap is a well-known phenomena. [13] [14] [15] 68 Here we report the same kind of oscillations also for ac (22) Edge energy
[figure] [13] []13 shows the edge energy with respect to hydrogen gas,
as a function of the width. This quantity reflects the energy necessary for the formation of the edges. In the above definition, n C (n H ) denotes the number of carbon (hydrogen) atoms in the unit cell of the ribbon, E ribbon , E C , and E H 2 stand for the total DFT energies of the ribbon, one carbon atom in bulk graphene, and an isolated hydrogen molecule, respectively.
The edge energy of the non-benzenoid configurations zz(1) and zz (2) 
Edge strain
The edge-induced strain describes the variation of the equilibrium lattice length of the ribbons with respect to the one of two-dimensional graphene. For ideal graphene, the lattice constant found with our computational setup amounts to 2.47 Å which compares well to the experimental lattice constant of graphite, 2.46 Å. 71 Maxima correspond to class 1CF structures, minima to class nCF configurations.
Discussion
Our simulated STM images represent an idealization as for instance effects of the substrate and the physics of the tip were not considered. However, STM studies differentiating Clar sextets form non-Clar hexagons are not bound to computer simulations. Experimental observations were achieved in PAHs, 64, [72] [73] [74] on the edges of graphite sheets, 75 and even in graphene nanoribbons (supplementary informations of Ref. 30 ). In particular, we would like to point out that in Ref. 75 ring patterns near zigzag edges were recorded at positive sample bias which match very well with our simulations on the zz(211) ribbons shown in [figure] [7] []7c. Near armchair edges, the STM patterns reported in Ref. 75 Besides STM, helpful information for the characterization of graphene ribbons is also expected from Raman spectroscopy. The Raman spectrum measured in the middle of a perfect graphene crystal features a G-peak at around 1580 cm −1 . In the neighborhood of lattice defects or near the edges, STM images indicated a ( √ 3 × √ 3)R30 • superstructure of the charge density in which every third hexagon stands out. [76] [77] [78] [79] [80] In the supercell accounting for this reconstruction, the Kphonons are folded back to Γ and activate a D-peak at around 1350 cm −1 . This D-peak can be used as a signature of defects in graphene. [81] [82] [83] The phonon near K responsible for the D-peak repre-sents a shrinking and expanding of every third hexagon in accordance with the ( √ 3 × √ 3)R30 • reconstruction of the charge density.
In the case of graphene edges, it was claimed that only armchair edges could induce a D-line peak, suggesting that the presence of such a peak can be used as evidence for either armchair edges or defects. 84, 85 What has not been considered so far is the possibility of a zigzag reconstruction that induces the same kind of charge density and geometry reconstruction as at armchair edges or near impurities. Here we have shown that the zz(211) and zz(211)-interlock ribbons (subclasses 1CF and 2CF) do show such a superstructure and in addition have a band structure that folds the K-point back to Γ. They thus should also be expected to produce a D-line peak.
Conclusions
In By introducing radicals at the edges of the non-benzenoid ribbons, a bond configuration can be restored that includes nearly all π-electrons in Clar sextets. As this alternative bond configuration increases the resonance energy, at large enough dimensions, it becomes energetically favored.
The notation of radicals at the edges is in line with the spin polarized edge states found in DFT calculations on these ribbons. We have shown that there is even a quantitative agreement in the net magnetization of these alternative bond configurations and our DFT results.
Finally, we have found a correlation to our classification scheme also in a series of calculations investigating the width dependence of the electronic band gap, the edge energy, and the edgeinduced strain.
These findings may play an important role on the way to experimental structure characterization. They emphasize also that Clar's theory is an intuitive and powerful tool covering many aspects of sp 2 bonded carbon materials such as graphene ribbons.
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